Is size structure a good measure of future trends of plant populations? An empirical approach using fi ve woody species from the Cerrado (Brazilian savanna) RESUMO (A estrutura de tamanho é uma boa medida de tendências futuras em populações de plantas? Uma abordagem empírica com cinco espécies lenhosas de Cerrado). As estruturas de tamanho de populações têm sido frequentemente usadas para inferir sobre a capacidade de regeneração de uma população, assumindo que as estruturas de tamanho com formato "J-invertido" representam populações estáveis. Nós apresentamos uma abordagem empírica desta questão com cinco espécies lenhosas de Cerrado. Usando dados de contagem de todas as plantas destas cinco espécies por um período de doze anos, nós analisamos a distribuição de tamanho dos indivíduos de duas maneiras: a) por meio de histogramas de frequência em classes de tamanho, e seu ajuste a uma curva exponencial negativa; b) calculando o coeficiente de Gini. Para verificar a existência de uma relação entre a estrutura de tamanho e as tendências futuras em número, consideramos a estrutura de tamanho no ano do primeiro censo. 
Introduction
Th e structure of a plant population is the result of the actions of biotic and abiotic factors upon the growth and mortality rates of individuals and of past recruitment events (Hutchings 1997) . Th e size structure of a population is determined by factors infl uencing size variations among individuals, such as diff erences in seed size, time of germination of each seed in relation to its neighbors, growth rate of each plant (which depends on ecological and genetic factors), distance of each plant to its closest neighbor (competition), and the behavior pattern of herbivores (Hutchings 1997) .
Th e size structure of plant populations has been frequently used to assess regeneration status and to predict future population changes by assuming that populations with many small stems in relation to larger ones are selfreplacing or increasing, whereas populations with relatively few small stems are believed to be declining in abundance (Knight 1975; Lorimer 1980; Sarukhán 1980; Felfi li and Silva-Júnior 1988; Silva-Júnior and Silva 1988; Hart et al. 1989; Read et al. 1995; Hay 2002; Buyavejchewin et al. 2003; Baker et al. 2005) . Johnson et al. (1994) and Condit et al. (1998) have already pointed out how complicated it is to make inferences about the future trends of populations using point data from the size structure, si nce declining populations can show size structures with a classic "reverse-J" shape and increasing or stable populations can show size structures that do not adjust to the negative exponential curve due to diff erences in growth rates among size classes. Wright et al. (2003) showed that shade-tolerance and other demographic traits such as fecundity, seed mortality, seedling mortality, recruitment, sapling growth and sapling mortality rates are related to population size structure, but there is no empirical evidence that population size structures are related to changes in population size. However, due to the diffi culty of gathering appropriated demographic data (which is very time consuming), this kind of inference is still being made.
Th e aim of this study was to investigate, from an empirical data set, whether measures of size structure are related to future trends in the number of plant populations, given by the population growth rates and by the probability of extinction within a certain future time based on population viability analysis (PVA - Morris & Doak 2002) .
Materials and methods

Study site
Th is study was conducted in a Cerrado (Brazilian savanna) (Giannotti 1988) . Th e soil is Haplic Arenosol according to the FAO classifi cation system (Oliveira & Prado 1994) : a deep, very sandy soil (over 80% sand), with low nutrient content, high aluminum content, and free drainage.
Th e vegetation physiognomy is a dense Cerrado (following the classifi cation of Ribeiro & Walter 1998) , with a predominance of arboreal elements, a canopy cover varying between 50% and 70%, and plants with an average height of 5-8 m. Th e Valério fragment has an area of about 60 ha, and is isolated by a 30 m-wide fi rebreak from plantations of Pinus elliottii Engelm. and Eucalyptus saligna Sm. Th e fragment has been protect ed from human action (fi re, cattle and plant collection) since 1984. In other studies done in this fragment, a total density of 7,156.3 trees.ha -1 and a basal area of 8.43 m 2 .ha -1 were recorded, with a total of 47 woody species with a trunk diameter at soil level (DSL) ≥ 3 cm (Aoki et al., personal communication) . Salomão et al. (personal communication) found that the site has a high fl oristic similarity (more than 50%, Sørensen similarity coeffi cient) with other Cerrado fragments in the municipality of Itirapina. (Mantovani 1987) , and at other Cerrado areas in Brazil (Lorenzi 1992 , Martins et al. 1996 , Durigan et al. 2004 . Hereaft er the species will be referred by their generic names. Dalbergia and Vochysia are considered trees, while Roupala, Xylopia and Miconia are considered treelets.
Study Species
Dalbergia miscolobium
Data Collection
In a 0.16 ha permanent plot, all the plants of the studied species were annually counted and measured (but not tagged) from 1995 to 2007, except Roupala that was censused from 1996 to 2007. Th e trunk diameter at the soil height was measured with a caliper (precision = 0.1 mm), or, in the case of irregular (not cylindrical) trunks, the perimeter of the trunk at soil height was measured with a ruler strip. Th ese data were collected during the fi eld courses of the Graduate Program of Ecology of the Universidade Estadual de Campinas (UNICAMP) (Santos et al. 2007) , and the techniques of measuring the plants were standardized between years. In 1998 and 2000 these courses were not off ered and data were not collected.
Data Analysis
We chose two ways of assessing the size distribution of plants within the populations: density histograms of DSL classes and the degree of size hierarchy of each population measured by the Gini coeffi cient (Weiner & Solbrig 1984) . Density histograms are the method most commonly used to characterize the size structure of plant populations, but as the size structure is obtained by the placement of individual plants into classes, the shape of the size structure depends on the choice of the class interval. Feeley et al. (2007) found that the skewness coeffi cient was the static size structure measure that better predicted future variation in the number of the studied populations, but the evaluation of size inequalities, given by the Gini coeffi cient and the Lorez curve, seems to be more relevant to ecological and evolutionary questions than the skewness coeffi cient (Weiner & Th omas 1986) . Th erefore, we also used the Gini coeffi cient, which is independent of placement of individual plants into size classes, to measure the degree of hierarchy of size within the population. Size hierarchy is defi ned as a frequency distribution of individual plant sizes in which relatively few individuals contribute most of the population's biomass and most individuals are relatively small (Weiner & Solbrig 1984) . Th e Gini coeffi cient has a value of zero when all the plants of the population have the same size, and one when virtually one individual concentrates all the biomass of the population (Weiner & Solbrig 1984) . Th e DSL structure obtained for each species on the fi rst census year was used as a basis to evaluate if there is a relationship between the size structure and the subsequent changes of population number and probabilities of local extinction on this small spatial scale.
Th e interval of DSL classes for the density histograms was chosen by taking into account the size amplitude and plant abundance. We chose DSL class limits with the maximum of one decimal, considering the precision of the method used to measure the plants. We used fi ve DSL classes with an interval of 1.5 cm for Miconia; four classes with an interval of 3 cm for Roupala; seven size classes with an interval of 3 cm for Vochysia and six DSL classes with an interval of 3 cm for Xylopia. Th e Dalbergia population was divided into six DSL classes, with an interval of 4 cm, but this species turned out to be a diff erent case because it had an extremely great variation of the number of smaller plants (coeffi cient of variation = 105.46%, data not shown) due to massive recruitment episodes in 1997, 2002, 2003 and 2007 . However, these recruitment events were probably balanced by high mortality rates on the recruit size class, since in the years following the recruitment events we have not observed a high number of plants in the fi rst or second DSL classes, indicating that the new plants that entered the population in the massive recruitment events were dead on the consecutive census. Including this great variation of the number of smaller plants in the PVA could mask the real trend of the population number, so we decided to perform all the analysis excluding the DSL < 4 cm class for Dalbergia.
To test for the adjustment of the observed curve of the density histogram of size distribution to the negative exponential model we analyzed the regression between the number of plants in each size class and the mid point of each class. Th e Gini coeffi cients were calculated using WINGINI (Santos 1996) , and we performed a bootstrap test with 500 iterations to test for the signifi cance of the diff erences of the Gini values obtained for each species.
Th e changes in number of the studied populations over time were analyzed by the mean population growth rates, its variance and by the total population growth rate considering the numbers of plants on the fi rst and last census. Th e total population growth rate, that represents the global variation in number over the studied period, was calculated as:
, where N f is the number of plants on the fi nal census, N 1 is the number of plants on the fi rst census and t is the number of years between the fi rst and the last census.
To calculate the extinction risk of the studied populations, we performed a simple PVA (Population Viability Analysis) based on the number of plants over the census period (Morris & Doak 2002) . Even though demographic PVA's, which use demographic data to build projection matrix models, can yield more informative predictions for most species, better predictions can occur only when there is enough data to estimate the many parameters these models require. With less information, the simple count-based approach can give much more reliable results, even for species with highly structured populations (Morris & Doak 2002) . Th e count-based PVA fi rst calculates the mean (μ) and the variance (s 2 ) of the natural logarithm of λ (the growth rate of the population) using simple transformations and a linear regression. Th e log-lambda growth rates are normally distributed and hence are better suited for statistical estimation than do the skewed lambda values themselves (Morris & Doak 2002) . If μ is lower than zero, the population is predicted, on average, to decline over time; conversely, if μ is greater than zero, the population is predicted to grow, on average, although a positive μ does not necessarily indicate safety from random extinction.
To evaluate the probability of local extinction on this small spatial scale considered within a certain time period, a quasi-extinction threshold should be chosen (Morris & Doak 2002) . Th is threshold may be considered the level below which the population is "eff ectively" extinct or critically endangered. It is frequently chosen to be above the number at which positive density dependence, demographic stochasticity, or strong inbreeding is thought to occur. Th ere is no agreement on literature with regards to the minimum size of a viable population: for example, Matthies et al. (2004) found that the minimum number of individuals necessary to make a population likely to persist over time varies strongly even among closely related shortlived species; Nantel et al. (2002) Considering the small size of the study area, we decided to perform the PVA with four diff erent quasi-extinction thresholds: 20, ten, fi ve and one individual. Given the quasiextinction threshold and the current population size of each species (2007 census), the probability density of the quasiextinction threshold in a small segment of time is given by the so-called inverse Gaussian distribution (Morris & Doak 2002) . To calculate the probability that the threshold is reached in any time between the present and a future time of interest (on this case we used 500 years) we summed up the probabilities for each small interval of time; the result is the Cumulative Distribution Function (CDF) for the time of quasi-extinction. Th e PVA analyses were done using a tool (named Tool G) on an Excel worksheet designed by D. Doak et al., available at http://bio.research.ucsc.edu/people/ doaklab/natconserv/index.html.
If any of the main assumptions of the PVA (density independence, absence of temporal autocorrelation, no catastrophes or bonanzas and no observation error) was violated, we used only the mean and variance of the population growth rates and the total population growth rate to evaluate the changes in number over time of the studied populations.
Results
Th e total number of plants on the fi rst census diff ered among species, as well as the number of plants of each species over time (Fig. 1) . In spite of this great variation in density, on the fi rst census the DSL distribution of the fi ve studied species adjusted to the negative exponential curve at the 95% signifi cance level (Fig. 2) . Th e negative exponential size distribution is usually known as the "reverse-J" shape, with proportionally many small plants relative to the larger ones. Th e degree of hierarchy, measured by the Gini coeffi cient, diff ered among the studied populations (p<0.01 for all comparisons): the species with the highest degree of hierarchy (i.e., many small stems relative to the larger ones) was Roupala, and the species with the lowest degree of hierarchy was Dalbergia (Tab. 1). Based on these results, if a population with a high proportion of small plants relative to the larger ones (with a "reverse-J" shape or a high Gini value) is thought to be stable and self-regenerating, the fi ve species we studied should be relatively stable in number over time and present a low extinction risk.
Considering the variation in the number of plants over time, all the study species, except Roupala, had values of average λ lower than one. However, the values were not signifi cantly lower than one given the wide confi dence intervals obtained (Tab. 2), which were caused by a great variation in population growth rates among years. Large variations in population growth rates are as dangerous for populations as low population growth rates because they could make population numbers decay and reach the minimum viable number more quickly than the populations could recover. Th e total population growth rates λ t varied from 0.91 (Vochysia) to 0.97 (Xylopia) (Tab. 2), representing decreases of 65% to 22% of the initial number of plants in twelve years, respectively. For Xylopia and Roupala one of the main assumptions of the PVA to calculate the probability of extinction in a certain time horizon was violated: the density independence. For both species, there was positive density dependence, i.e., there were higher population growth rates on the years with bigger number of plants, and vice-versa. If these results were neglected and we performed the PVA to calculate the probability of extinction, the results would be too optimistic in the cases of decline in density. Th erefore, for Xylopia and Roupala we present only the total and average population growth rates, as well as its variance.
On the PVA for Miconia, Dalbergia and Vochysia, the choice of diff erent quasi-extinction thresholds did not change the values of probability of extinction, but, as one could expect, lower thresholds lead to longer mean time to extinction (Tab. 2). Dalbergia, Miconia and Vochysia showed negative μ values and the mean time to extinction varied between 22 and 125 years depending on the species and on the quasi-extinction threshold chosen, but for all cases the CDF lead to a p = 1 of reaching the quasi-extinction threshold at least once over a 500 year period (Tab. 2).
Discussion
Our results show that density histograms of size distributions are not good indicators of future trends in population number for the studied species. All the studied species showed a "reverse-J" size structure, which is usually taken as an indicator of self-replacing populations, but only Roupala seems to be eff ectively stable or increasing in population numbers. Th e Gini coeffi cient does not seem to be a better predictor of future population changes. Roupala, the only species that showed a "healthy" population, had the highest Gini value, showing a high degree of size inequality, which could indicate that high Gini values could be related to self-replacing populations. However, in terms of manage- 2 ) of log lambda, the average lambda for the entire census period (confi dence interval in brackets), and the mean time to extinction given the quasi-extinction thresholds of 20, ten, fi ve and one individual (probability of the populations reach the quasi-extinction threshold at least once over a 500 years time period in brackets). (Wright et al. 2003) , and species with similar initial size structure can follow very distinct trajectories over time due to diff erences in vital rates. For example, if a species has a very high growth rate on the initial size classes relative to other species, it will present a lower proportion of small individuals, but this does not mean that this population is declining in number. Or, if a species has very high density dependence on the smaller size classes, a population with many small stems would not produce more reproductive adults than a population with few small stems (Feeley et al. 2007) .
Ten years ago, Condit et al. (1998) showed that changes in population size observed on a 13-year period were independent of initial size distributions in a study conducted on Barro Colorado Island, Panama. In a study conducted at this same site, Wright et al. (2003) found that the size structure of populations was fairly robust during population fl uctuations, indicating that even populations with stable "reverse-J" size structures could be declining in number. For the species we studied we found a similar result, with species showing no or little change in population structure (Fig. 1) in spite of the variation in the number observed. So, the lack of a direct relationship between size structures and future changes in population number that was found for tropical forests also applies to these woody species from Cerrado vegetation. We strongly recommend that managers should not use measures of size structure as a basis for management decisions without applying a more appropriate demographic study, considering the variation on demographic rates over time and the factors that infl uence this variation.
